Abstract. During the last decade, research and development in microfluidic devices have grown significantly due to their wide variety of applications in physics, chemistry and biology. A specific category of microfluidic devices focuses on the generation of micro-emulsions that can be used, for example, as chemical and biological reactors to synthesize new materials and perform assays. However, the traditional fabrication process of such microfluidic devices involves the use of special instrumentations and clean room facilities. These steps are generally expensive, time consuming and require specific levels of expertise. In this article, an alternative method to fabricate robust microfluidic devices using conventional components and a new commercially available self-setting rubber is presented. Using this method, a cheap, reproducible and easy to manufacture microfluidic device has been developed for generating single and double emulsions in the range of 100s of µm with high throughput. One possible application of this device is demonstrated with the synthesis of highly porous polymer beads from a High Internal Phase Emulsion (HIPE). The fabricated lunar-like microbeads could find potential application in 3-dimensional cell culture due to their high porosity (up to 95 %) and pore size (from 5 to 30 µm). The process here presented offers great opportunities for chemists and biologists interested in synthesising new materials while minimizing time, costs and expertise in the development of microfluidic systems.
Introduction
Over the last 20 years, the interest in microfluidic devices has grown significantly due to their wide variety of multidisciplinary applications. [1] Microfluidic devices are widely used in many modern experimental and industrial workflows for manipulating, processing and controlling fluids at small scales (from micro-to picolitres). [2, 3] By using small fluid volumes, microfluidic devices can be used to:
• Scale up experimental work to thousands of runs using the same device, while simultaneously minimising the quantity (and therefore cost) of required fluid reactants;
• Minimize the amount of wasted material in industrial and experimental processes and improve recovery of reactants and products for reuse; and
• Maintain strict control over the synthesis of novel materials.
One application of these microfluidic devices is the synthesis of various types of emulsions for cosmetic, food, medicine and biotechnological industries. [4] Microfluidically generated emulsions have the advantages of monodispersity, controlled shape and internal structure, and surface properties. [5] These emulsions are currently used as chemical and biological reactors to synthesize new materials. [6, 7, 8] There has been an increasing demand for devices capable of generating emulsion droplets enclosed in an oil or aqueous environment, with size ranging from a few to 100s of µm in diameter. However, despite much progress in the development of microfluidic technologies, microdevices generally have to be fabricated through micro-and nano-fabrication technologies and/or operated in a clean laboratory environment. This not only increases considerably the cost of each microsystem and the time of fabrication but also limits or even prohibits the microfluidic development for large-scale industrial applications. There is a great need for simple and easy-to-make fluidic devices that can overcome some of these issues. The aim of this research is to develop a method for rapidly fabricating fluidic device for microdroplet generation without using cleanroom facilities. Microfluidic chips for microdroplet synthesis are normally fabricated in PDMS or hard polymeric materials such as PMMA, PC and COC. [9, 10] However, scientists also developed alternative methods to fabricate droplet generation devices. Weitz et al. introduced novel capillary-based microfluidic devices to generate single and liquid-monomer multiple-core droplets. By adjusting the surface chemistry on the capillary wall, single, double, and triple emulsions were produced. [11, 12] However, the fabrication of such devices is extremely challenging. The devices are assembled with needles and glass capillaries bonded together with epoxy on a glass slide. Reproducibility in fabrication is much more difficult than using conventional PDMS technology. Moreover, cleaning steps are limited by the presence of epoxy and the impossibility to disassemble the device. [13] In more recent papers, alternative methods [14, 15, 16] were presented by modifying a microfluidic device based on co-axial capillaries. [17] The new capillary system enables the preparation of waterin-oil (W/O) and oil-in-water (O/W) micro emulsions as well as easy disassembly of the device for cleaning and reuse. However, although the unit is assembled conveniently, their method does not allow to monitor the droplet formation region. In the same principle of simplification, we present in this article the fabrication process of an alternative microfluidic device for the synthesis of monodisperse emulsions based on the use of a new self-setting silicon rubber: Sugru R . The emulsions are generated through the same flow focusing process of the standard droplet-based microfluidic devices, but this system is fabricated with conventional and inexpensive components only. It requires less than 10 minutes to fabricate the device and generate the droplets, and can be disposed of or recycled after use. In this paper, the fabrication method of this microdroplet-based microfluidic device is described; the functionality of the device is demonstrated through the generation of water-in-oil emulsions with controllable size. Moreover, an interesting application of this device is presented. The microdroplet generator was used to easily and quickly synthesise highly porous polymer microparticles that can be used for tissue engineering, 3-dimensional cell culture, biocatalysis and hydrogen storage materials.
Materials and Methods

Materials
All reagents were purchased from Sigma/Aldrich (Australia) unless otherwise indicated. . Sugru R is a patented multi-purpose and malleable silicon rubber. Exposing this material to air causes the rubber to self react and form a cured polymer. Sugru R can adhere to a large range of surfaces such as aluminium, glass, copper, ceramics, etc. but does not bond to polypropylene. Four syringe pumps were purchased from Cetoni (neMESYS pumps).
Pipette tip based microchip fabrication
The fabrication process of droplet-based microfluidic devices with conventional components is presented. These chips are fabricated at low cost (few cents per chip), in a short period of time (< 10 min before droplet generation) without any clean-room facility, microscopes or epoxy glue requirements. The device is based on a standard flow focusing technique [18, 19] and is fabricated as follows. First, the mould of the inner part of a micropipette tip was fabricated with the Sugru R rubber including two PTFE tubes, placed inside the micropipette ( Fig. 1.a) . These pieces of tubing will create spaces in the mould for the 2 future inlets. The rubber was polymerized for 24 hours before pipette tip and tubing removal ( Fig. 1.b) . The cured mould can be inserted in any analogous pipette tip and reused indefinitely. The mould resists solvents as well as basic chemicals used for cleaning. The use of a polypropylene tip prevents the rubber from binding while moulding the inner shape of the pipette. Once the Sugru R rubber had cured and the tip and tubing were removed, two new PTFE tubes were inserted into the designed spaces of the mould. The elasticity of the rubber ensures robust sealing. These two tubes were connected to two syringe pumps, for the delivery of the continuous and dispersed phases respectively (Fig. 1.c) . A 2 mm long PTFE tube was placed inside a silicon tube (tube length depends on users needs) at 1 cm distance from one of the extremities of the silicon tube. The silicon tube inner diameter and the PTFE tube outer diameter ensure a robust sealing. A 0.5 mm punch was created on the lateral wall of the silicon tube and next to the PTFE tube using a biopuncher from Ted Pella, Inc (Harris Uni-Core). These steps determined the creation of the nozzle part of the flow focusing microfluidic device. It is to be noted that the 2 mm long PTFE tube can be replaced by any other tubing or glass capillary to obtain various sizes at the nozzle part. The silicon tube was then inserted in a new pipette tip while the PTFE tube delivering the dispersed phase was placed in the silicon tube, next to the nozzle (Fig. 1.d) . Again, the flexibility of the silicon tube allows a complete sealing of both the pipette tip and the PTFE tube. The other PTFE tube will fill the pipette tip with the continuous phase.
Finally, the pipette tip was inserted in the Sugru R mould to seal the device (Fig. 1.e) . For water-in-oil (W/O) emulsion, the tube delivering the water (dispersed phase) was connected to the silicon tube. For oil-in-water (O/W) emulsion, the 2 mm long PTFE nozzle was replaced by a hydrophilic glass capillary with the same dimension and the PTFE tube delivering oil (dispersed phase) was connected to the silicon tube. It is to be noted that the hydrophilic glass capillary can be longer than 2mm to avoid the oil droplets binding to the wall of the silicon tube. This case is only valid when oil droplets are as large as the tubing diameter (results not shown).
Dispersed and continuous phases preparation
The functionality of the microfluidic device was verified by generating water-in-oil (W/O) and double water-in-oil-in-water (W/O/W) emulsions of various dimensions. The aqueous phase was prepared by mixing deionised water with red or blue food dye (for imaging); the oil phase was fluorinated oil Novec 7500 containing 2 % Picosurf surfactant. To generate W/O emulsion, the oil (continuous phase) filled the pipette tip while the aqueous solution (dispersed phase) was delivered in the silicon tube towards the nozzle outlet. For double W/O/W emulsions, the outer aqueous phase was composed of deionised water with 2 % Tween 20 surfactant. A second microfluidic chip was connected to the outlet of the first chip, thus creating a train of two devices. A hydrophilic glass capillary replaced the hydrophobic PTFE tube at the nozzle part of the second device. The continuous aqueous phase filled the pipette tip while the first emulsion was delivered through the dispersed phase's tubing towards the second nozzle outlet.
Micro-emulsions generation through the pipette tip-based microchip
The microfluidic device was used to generate W/O emulsions. While the continuous and dispersed phases were delivered through the syringe pumps into the device, air was expelled from the nozzle part by priming it with oil. Then, oil and water flow rates were adjusted at 2:1 ratio at 100s µL/h, to generate the W/O emulsion at the nozzle part. The flow rate of each phase as well as the diameter of the nozzle determined the droplet size as defined by the flow focusing technique. For instance, by using 100 µm ID PTFE tubing (Fig 2.a) , it was possible to generate 100 µm droplet emulsion (Fig  3.a) with high monodispersity (Fig 3.b) . The same principle was applied with a 300 µm ID PTFE tube to generate a 300 µm droplet emulsion with similar flow rate (Fig  2.b) . Without any nozzle (Fig 2.c) , the size of the droplets was mainly dependent on the silicon tube inner diameter as well as the oil and water flow rates. In this case, 500 µm droplet emulsion were obtained. Therefore, by selecting the size of the tubing at the nozzle part, it is possible to modulate the diameter of the emulsion droplets from one hundred microns to sub-millimetres. It is to be noted that the device can handle overall flow rates up to 10 mL/h with these fluids without any leakage. Double W/O/W emulsions were also generated by using a train of microfluidic devices. By adjusting the flow rate of the three phases, it was possible to generate double emulsions containing Figure 2 . Schematics and pictures of the flow focusing junction where the single emulsions are generated with a (a) 100 µm, (b) 300 µm, or (c) 500 µm nozzle PTFE tube. Schematic and pictures of the flow focusing junction where double water in oil in water emulsions are generated with (d) one (e) two, or (f) three aqueous droplets with optical micrographs of monodisperse double emulsions. In the schematics, the inner aqueous phase is represented in red, the oil phase, in yellow and the outer aqueous phase in blue. Black scale bar is 100 µm. one (Fig 2.d), two (Fig 2. e) or three (Fig 2.f) aqueous droplets with 100 µm diameter.
PolyHIPE preparation
In order to operate the pipette tip based microfluidic device in an applicative domain, highly porous polymer (polyHIPE) beads from a High Internal Phase Emulsion (HIPE) were synthesized. The HIPE formulation was prepared as detailed by Kircher et al. [20] and by Kimmins et al. [21] and injected as an aqueous phase in the microfluidic platform. Briefly, the monomers 2-ethylhexyl acrylate (5.0 g), isobornyl acrylate (4.0 g), and dipentaerythritol penta/hexa-acrylate (1.0 g) were mixed in a round bottomed flask. Hypermer B246 surfactant (0.3 g) was added to the mixture and stirred mechanically with a paddle stirrer until dissolution. Then, 0.1 g of diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide/2-hydroxy-2-methyl-propiophenone blend photoinitiator was added in the solution. The resulting mixture was stirred at 300 rpm while deionized water (70mL) was added dropwise. HIPE at 80 vol % water content was thus obtained. 
Fabrication of monodisperse porous polymer beads
An interesting application of the microfluidic device consists of the generation of monodisperse porous polymers beads. In this case polyHIPE emulsions were prepared and used as dispersed phase, while fluorinated oil Novec 7500 containing 2 % Picosurf surfactant constituted the continuous phase. HIPE droplets were polymerised by UV polymerisation while still inside the silicon tube (see video in ESI) and collected in a plastic vial (Fig. 4.a) . Beads were then washed with acetone and dried in a vacuum oven at 50
• C for a minimum of 24 hours. 200 µm diameter polyHIPE beads were generated with high monodispersity and 80 % nominal porosity (Fig. 4.b-e) . Internal pores size varied from 5 to 30 µm with very high polydispersity. This is explained by the generation of the first W/O emulsion by stirring while producing the PolyHIPE precursor emulsion. These PolyHIPE bead materials could be used for a wide range of applications, including tissue engineering, 3-dimensional cell culture, biocatalysis and hydrogen storage materials. This is one example among many potential applications that this device can offer for biologists and chemists in order to generate microparticles and develop new materials.
Discussion and Conclusion
An innovative method for fabricating off-the-shelf microfluidic devices for controllable production of monodisperse emulsions has been developed. This method does not involve any specialized equipment or facilities such as photolithography, or dirty and hard to use epoxy or silicon paste. By combining a micropipette tip with tubing in the appropriate materials and size, the microfluidic device was fabricated within 10 minutes (post rubber moulding) without requiring any microfabrication expertise. The Sugru R rubber is the key component of the system as it ensures total sealing and can be "indefinitely" (So far, we have recycled the same silicon rubber for each experiment). The Sugru R rubber is relatively cheap (around £11/40 g), self-setting, hand-formable, self-adhesive and flexible when cured. The pipette tip based microfluidic device was proved to generate monodisperse emulsions with diameters ranging from 100 to 500 µm with the adequate tubing. A larger range of droplet diameters could be generated by replacing the nozzle part with a microinjection needle processed with a capillary puller; double emulsions can also be easily obtained through a train of microdevices. The combination of hard PTFE or flexible silicon tubes within the device give users modularity in adapting the microfluidic device for particular applications; hard tubing will ensure robustness, pressure stability (no tube deformation) prior droplet generation while soft and flexible tubes will provide adequate sealing around the micropipette tip. It is to be noted that both tubes are hydrophobic and are therefore suitable for W/O emulsion. In the case of O/W emulsion, appropriate hydrophilic glass capillary was inserted inside the flexible silicon tube. The sealing around the pipette tip is still maintained while providing hydrophilic coating for such emulsion. An example application of the off-the-shelf microfluidic device is the synthesis of monodisperse polyHIPE porous microparticles that can be generated with high throughput in controllable sizes. In conclusion, the new fabrication method we presented in this paper allows quick and cheap development of an easy to use and reusable platform for monodisperse emulsion droplet generation. This platform can be used in a multidisciplinary range of applications without requiring any expertise in microfabrication and fluid dynamics. This new concept will offer chemists and biologists an unprecedented tool for designing and synthesising new materials.
